Tuft dendrites are the main target for feedback inputs innervating neocortical layer 5 pyramidal neurons, but their properties remain obscure. We report the existence of N-methyl-D-aspartate (NMDA) spikes in the fine distal tuft dendrites that otherwise did not support the initiation of calcium spikes. Both direct measurements and computer simulations showed that NMDA spikes are the dominant mechanism by which distal synaptic input leads to firing of the neuron and provide the substrate for complex parallel processing of top-down input arriving at the tuft. These data lead to a new unifying view of integration in pyramidal neurons in which all fine dendrites, basal and tuft, integrate inputs locally through the recruitment of NMDA receptor channels relative to the fixed apical calcium and axosomatic sodium integration points.
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Tuft dendrites are the main target for feedback inputs innervating neocortical layer 5 pyramidal neurons, but their properties remain obscure. We report the existence of N-methyl-D-aspartate (NMDA) spikes in the fine distal tuft dendrites that otherwise did not support the initiation of calcium spikes. Both direct measurements and computer simulations showed that NMDA spikes are the dominant mechanism by which distal synaptic input leads to firing of the neuron and provide the substrate for complex parallel processing of top-down input arriving at the tuft. These data lead to a new unifying view of integration in pyramidal neurons in which all fine dendrites, basal and tuft, integrate inputs locally through the recruitment of NMDA receptor channels relative to the fixed apical calcium and axosomatic sodium integration points.
T he pyramidal neuron is the basic computational unit of the cortex. Its distal tuft dendrite is heavily innervated by horizontal fibers coursing through layer 1 (L1), which provide long-range corticocortical and thalamocortical associational input (1) (2) (3) (4) (5) (6) . In the standard view of dendritic electrogenesis of L5 pyramidal neurons, the basal and apical tuft dendrites are quite different (7) (8) (9) . Whereas thin basal dendrites of neocortical pyramidal neurons initiate local N-methyl-D-aspartate (NMDA) and weak Na + spikes (10) (11) (12) , the apical dendrite is able to initiate calcium spikes (13) (14) (15) (16) (17) . However, this view is based mostly on recordings from the thick apical dendrite, and little information is presently available with regard to the actual properties of the tuft dendrites, which are thin dendrites branching from the main bifurcation forming a tree that resembles more closely the basal dendritic tree. It has been suggested that the properties that give rise to calcium spikes are restricted to an apical band (18) beyond which the initiation of Ca 2+ spikes becomes progressively more difficult (19) [but see Rhodes and Llinás (20) ]. This raises questions about the active and passive properties of the tuft dendrites, which are vital to understanding how and where feedback inputs to the pyramidal neuron are integrated (21) . To overcome the difficulties in recording from these fine dendrites, we combined two-photon excitation fluorescence microscopy and infraredscanning gradient contrast (10) .
Using multiple simultaneous patch-clamp recordings from near the main apical bifurcation point (658 T 110 mm from the soma; n = 28) and secondary and tertiary/quaternary tuft branches (775 T 98 mm from the soma, n = 14; and 859 T 60, n = 8) to within 50 mm of the pia of L5 pyramidal neurons, we directly tested the local spiking capabilities of fine tuft dendrites. Recordings from higher-order branches mostly in L1 or near the border of L1/L2 are referred to as "distal tuft" recordings. We first investigated local integration of synaptic input using visually guided focal stimulation at preselected distal tuft dendrites while recording simultaneously the voltage from nearby locations (Fig. 1A) . Recordings made from two distal tuft dendrites simultaneously while focally stimulating each of the branches revealed local, all-or-none spikes that failed to propagate to neighboring tuft branches (Fig. 1 , B and C). On average, the spike attenuated by 86 T 2.3% as it spread from one branch to another (n = 3).
Simultaneous recordings from distal and proximal tuft branches revealed that these all-ornone potentials originated in the fine distal tuft branches and attenuated as they spread proximally (Fig. 1, D to F) . The voltage threshold for initiation of synaptically evoked dendritic spikes at the distal tuft branches was 9.67 T 4.69 mV, and the amplitude of the spike at the distal tuft branch recording site was an additional 17.39 T 5.87 mV from threshold and 27.07 T 9.62 mV from baseline (22, 23) . These spikes attenuated further as they spread toward the main bifurcation point (by a factor of 2.25 T 0.58; n = 6; average distance between the recording sites 189 T 74 mm) (Fig. 1F ) but still could contribute substantial depolarization. The cable-filtered distal tuft dendritic spike attenuated on average to 7.74 T 2.8 mV at the proximal tuft recording site.
Because of their localization to the activated branch, we considered the possibility that, similar to basal dendrites, the main regenerative current of the distal tuft dendrites is carried through the synaptic currents themselves, that is, NMDA receptor channels (11) . The specific NMDA receptor blocker AP5 (100 mM) completely abolished the dendritic spike and linearized the relationship between the synaptic stimulus intensity and the excitatory postsynaptic potential (EPSP) amplitude observed under control conditions (n = 7) (Fig. 1 , G to I). To rule out the possibility that blockade of NMDA receptors simply increased the threshold for local spikes, we also used ultraviolet (UV) laser uncaging of glutamate (MNI-glutamate) directed to a specific location in the distal tuft dendrites while recording the nearby dendritic voltage (recordings at 832 T 61.5 mm from the soma passed second bifurcation and mostly at third bifurcations; uncaging site was 18 T 2.7 mm distal to recording site; n = 8) (Fig. 1J) (24) . Gradually increasing the UV laser intensity evoked gradual EPSP-like potentials until a threshold value beyond which a spike was initiated (Fig. 1J) . With this stimulation method, we could test the contribution of Na + and Ca 2+ voltage-gate channels with application of tetrodotoxin (TTX) (1 mM), cadmium (100 mM), and nickel (100 mM). These blockers had only a minor effect on the spike amplitude and threshold (spike amplitude from baseline 53.5 T 7 mV and 51.2 T 7.4 mV; spike threshold 18.7 T 4.1 mV and 19.2 T 4.6 mV before and after application of cadmium, nickel, and TTX, respectively; n = 5). In contrast, it was not possible to evoke a spike in the presence of AP5 (50 mM; n = 4).
Our uncaging experiments suggested that distal tuft dendrites cannot support calcium electrogenesis but can support weak sodium spikes in addition to NMDA spikes. To further investigate this point, we used direct current injection through dendritic patch electrodes ( Fig. 2A) . In agreement with previous reports (14, 19) , current injection (300 pA to 1900 pA, 800 ms) to the proximal tuft dendrites (main bifurcation and primary tuft branches) nearly always initiated a calcium spike at the site of injection (Fig. 2 , B and F) (n = 39/43; average threshold 1003 T 346 pA). These calcium spikes propagated well into the distal tuft branches (including to tertiary and quaternary branches), only attenuating to 92.6 T 7% of the proximal tuft amplitude (see also fig.  S1 ). In contrast, current injection to distal tuft dendrites rarely initiated dendritic Ca 2+ spikes. In distal tuft branches, Ca 2+ spikes were evoked in only 4 out of 36 cases (Fig. 2F ). However, in 24 out of 36 recordings, small regenerative events were initiated (average 20 T 7 mV as measured from baseline; n = 24), and in the rest (8/36), no regenerative events could be elicited with up to 2400 pA current injection (Fig. 2F) . The dichotomy between distal versus proximal electrogenesis was confirmed statistically using Fisher's exact test (P < 0.001). The threshold of the small regenerative event was 1008 T 475 pA in secondary branches and 736 T 238 pA in tertiary or more distal branches, and its forward propagation was poor (attenuation between 2 and 3 branch points to 33% T 14% of its original value; n = 9).
Addition of TTX (1 mM) (Fig. 2D) did not block the initiation of regenerative potentials at the proximal tuft dendrites [which in some cases even became longer (e.g., Fig. 2D , black)] but completely abolished the local regenerative events in distal tuft branches (Fig. 2E, red) (n = 4) . Addition of extracellular cadmium (100 mM), however, blocked the regenerative event at the proximal tuft dendrites but had no further effect on the response seen in the distal tuft branches (n = 4) (Fig. 2E) . Dendrite thickness was a good predictor of Na + spikelet versus Ca 2+ spike electrogenesis, thicker (3.0 T 1.1 mm; n = 26) dendrites supporting calcium spikes and thinner (1.6 T 0.5 mm; n = 19) dendrites supporting pure sodium electrogenesis only (fig. S4) .
Several properties, including the existence of local NMDA spikes and the weak electrogenesis of both sodium and calcium spikes, suggest that the relationship of the fine distal tuft branches to the apical Ca 2+ initiation zone is similar to the relationship of the basal dendrites to the axosomatic initiation zone (10) . However, one of the most notable remaining differences between the distal tuft and basal dendrites is the presence of hyperpolarization-activated current (I h ) (25) (26) (27) . This current, which is active at resting potentials, acts like a leak and could potentially determine the degree of compartmentalization of the tuft tree and lead to substantial current loss of signals propagating toward the apical Ca 2+ spike dendritic initiation zone. Addition of the I h channel blocker ZD7288 to the bath solution (50 to 100 mM) led to an increase in the size and integral of NMDA spikes at both tuft dendrites and the main apical bifurcation point (Fig. 3, A to D) . In the presence of ZD7288, the average amplitude of NMDA spikes increased by 221 T 35% in the tuft and by 298 T 63% (n = 4) in the proximal tuft dendrites. Our findings show that I h currents had dramatic effects on the characteristics and spread of NMDA spikes, and thus on the degree of compartmentalization of the tuft tree.
The calcium initiation zone is considered to be an integration zone conveying pre-integrated apical information to the axosomatic initiation zone (28) (29) (30) (31) . Thus, we were interested in the summation process of NMDA spikes at the level of the calcium spike initiation zone. The attenuation of the NMDA spike initiated at a single distal tuft branch meant that the threshold for a Ca 2+ spike was never reached at the Ca 2+ initiation zone by a single distal NMDA spike at threshold stimulation (n = 20) (32) . However, the voltage of two distal tuft branches could sum to initiate an apical calcium spike. Dual-site focal synaptic stimulation of identified thin tuft dendrites showed that the generation of NMDA spikes in two different distal tuft branches, or even an NMDA spike in one branch and an EPSP in the second, was sufficient to reach threshold at the Ca 2+ initiation zone (Fig. 3 , E to G; n = 7). Furthermore, small depolarization near the Ca 2+ spike initiation zone enabled NMDA spikes in single distal tuft branches to evoke Ca 2+ spikes (Fig. 3, I to K). Pairing current injections at the calcium initiation zone with NMDA spikes at distal tuft branches lowered significantly the current injection required for calcium spike initiation (current threshold changed from 820 T 130 pA at control to 260 T 108 pA during pairing; P = 0.0001).
How crucial are NMDA spikes in firing the calcium initiation zone? To evaluate the impact tuft inputs may have at the apical calcium spike initiation zone without the influence of NMDA spikes, we characterized the size and propagation of the unitary synaptic events at the distal tuft branches. Spontaneous and sucrose-evoked synaptic inputs to the distal tuft branches were severely attenuated after propagating to the calcium spike initiation zone (Fig. 4, A to D) . Next, we used computer simulations in the NEURON simulation platform to investigate the contribution of tuft NMDA spikes versus tuft AMPAEPSPs in initiating apical calcium spikes. Active and passive parameters were varied until a good agreement with our experimental data was obtained ( fig. S2) . To fit the experimental data, voltage-gated potassium channel density in the tuft region was made an order of magnitude lower than the apical trunk. In addition, we inserted low calcium conductance into the tuft region, combined with a "hot zone" of calcium conductance situated at the main bifurcation zone extending 500 to 800 mm from the soma. When the calcium conductance was evenly distributed throughout the tuft, we could not fit the experimental data regardless of the amount of potassium conductance inserted. The model either could not evoke calcium spikes (low calcium) or evoked ripples (high calcium). Spine density was determined from reconstructed biocytin-labeled cells used in this study. The unitary synaptic conductance was estimated from both sucrose-evoked EPSPs and excitatory postsynaptic currents (EPSCs) (17.32 T 8.6 pA) (Fig. 4, A to E), with 4.25 T1.9 pA of NMDA current at resting membrane potential. In addition, we measured directly (830 to 950 mm from the soma) the total and NMDA just-suprathreshold current needed for NMDA spike initiation using glutamate uncaging (total current of 187 T 43 pA; NMDA current of 88 T 19 pA; n = 5) ( fig. S2D ). Using these parameters, NMDA spikes could be initiated at all locations on the tuft tree; however, the number of synapses needed was far lower in the very distal tuft branches. Just 8.75 T 2.21 synapses were needed to evoke NMDA spikes near the ends of the tuft branches, whereas up to 43 T 4.54 synapses were needed at 250 mm from the pia, leading to a depolarization of 1.07 T 0.25 mV and 9.22 T 1.4 mV, respectively, at the calcium spike initiation zone (fig. S2 ). The contribution of voltage-gated calcium channels was negligible at the tuft regions ( fig. S2 ) but became prominent at the apical calcium initiation zone (extending 340 mm from the first bifurcation), where a fullblown calcium spike was evoked ( fig. S2 ).
When we activated randomly distributed synapses at the tuft dendrites, which usually leads to NMDA spike initiation at multiple branches, we found that 116.66 T 25.59 randomly distributed synapses (2.9% of total synapses) over the whole tuft region are sufficient to trigger a calcium spike (Fig. 4F) . Interestingly, when we redistributed the activated synapses based on bifurcation order, calcium spikes were most readily initiated by third-and fourth-order branches (100.83 T 11.64 and 99 T 28.75 synapses, respectively) (Fig. 4F) . Blocking NMDA receptors caused a dramatic increase in the number of synapses at tuft branches needed for calcium spike initiation. In this scenario, the number of synapses increased exponentially with branch order, from 408.33 T 59.69 synapses near the main bifurcation to 5550 T 4749 synapses at the terminal branches (exceeding the total spine number at these dendrites) (33) (Fig. 4F) . In contrast, NMDA spikes only modestly contributed to the initiation of calcium spikes when synapses were activated at the calcium initiation zone itself (Fig. 4F, first bifurcation) . On the other hand, uniformly increasing calcium conductance in tuft branches (up to a factor of 3) did not change the requirement for an exponential increase in the number of pure AMPA synapses needed to initiate a calcium spike at the main bifurcation point.
Thus, there are three stages (thresholds) in the integration of top-down associative information terminating at distal tuft branches: (i) NMDA spike initiation at the distal tuft branches, (ii) Ca 2+ spike initiation near the main bifurcation, and (iii) sodium spike initiation at the axon hillock (Fig. 4, G and H) .
Taking all the properties together, a new unifying principle emerges as to how pyramidal neurons integrate synaptic information. The thin distal tuft and basal dendrites of pyramidal neurons, which receive the overwhelming majority of synaptic inputs (33) , appear to constitute a class of dendrite in which NMDA spikes are the predominant regenerative events summing synaptic inputs in semi-independent compartments.
The output of each subunit in this class of dendrite is passed on to the major sites of integration at the axon and apical calcium initiation zones, which can all interact via actively propagated signals (34) , enabling the interactions between top-down and bottom-up information.
